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Abstract. Three ferrocenyl methylnucleobases (FcMeNb)
were synthesized and characterized by cyclic voltam-
metry, electronic absorption, FT-IR and NMR spectro-
scopy. The energy of frontier molecular orbitals was
determined using DFT/B3LYP method combined with
6-311++G(d,p) bass set in acetonitrile. The lower stan-
dard rate constant values of the FcMeNb compounds as
compared to ferrocene indicated dower electron transfer
kinetics.
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1. Introduction

The discovery of ferrocene and determination of its
remarkable stable structure in the 1950’ s has made a new
route for modern organometallic chemistry. In the recent
years, ferrocene derivatives chemistry has developed as a
rapidly growing and maturing filed which links classical
organic chemistry to organometallic chemistry [1, 2]. The
stability of the ferrocenyl group of ferrocene derivativesin
aqueous solutions, the ease of the synthesis of a large
variety of ferrocene derivatives, and its excellent eectro-
chemical properties have made ferrocene derivatives very
interesting molecules for biological applications and
medicinal chemistry [3, 4]. The chemistry of ferro-
cenylmethylnucleobases (FcMeNDb) [5-9] is ill, however,
an undeveloped area compared with well-established
classical medicinal chemistry of purely organic nucleo-
base derivatives [10-17]. The first work on the synthesis
of FcMeNb was reported by Chen in 1980 [5], who
prepared 9N-(ferrocenylmethyl)adenine from the reaction
of 6-chloropurine and ferrocenylmethylamine in
methoxyethanol. After that many ferrocene-modified
nucleosides were described [7, 18]. In addition, the
anticancer activity of the FcMeNb was evaluated in vitro
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and in vivo using electrochemical and spectroscopic
assays [6, 19]. FcMeNb also have been used as a useful
set of building blocks for supramolecular chemistry due to
their capacity for base-pair hydrogen bonding allied with
redox properties[7].

Interest in ferrocenyl methylnucl eobases conjugates
has increased in the past ten years because of their
applications in bioanalytical and medicinal chemistry. For
example, al conjugates exhibit in vivo antitumor activity
[20] but 9N-(ferrocenylmethyl)adenine possesses the
highest activity because of its low EjomoLumo energy
gaps, 1-ferrocenylmethylthymine is used as inhibitor of
tumor systems [21], and 9N-(ferrocenyl methyl)adenine
found its applications as electrochemical sensors[22].

Herein we describe the synthesis, characterisation,
DFT calculation, and electrochemical behaviour of three
FcMeND of the type 1-ferrocenylmethylcytosine (FcMeCy),
1-ferrocenylmethylthymine  (FcMeTh) and  9N-(ferro-
cenylmethyl)adenine (FcMeAd). These three compounds
were prepared from the reaction of the corresponding
nucleobase with  (ferrocenylmethyl)trimethylammonium
iodide, which can be either obtained commercialy or easily
prepared according to a known procedure[23].

2. Experimental

2.1. Reagents

Cytosine (99%), thymine (99%), adenine (99%),
and tetrabutylammonium tetrafluoroborate (el ectrochemi-
cal grade 99%) were purchased from Sigma-Aldrich,
ferrocene (99%) and orthophosphoric acid (85%) were
purchased from Alfa Aesar, magnesium sulphate anhy-
drous (97%) and iodomethane were purchased from Acros
Organics, ethanol (95%) and acetic acid (99-100%) were
purchased from Biochem Chemopharma Co (Canada). All
other reagents used were of analytical grade.

2.2. Procedures

(Ferrocenylmethyl)trimethylammonium iodide was
prepared according to the procedure described in [20].
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General procedure for the synthesis of ferrocenyl-
methylnucleobases

Nucleobase (2 mmol) was added in small portions
to wel-stirred solution of trimethylferrocenylmethyl-
ammonium iodide (500 mg, 1.3 mmol) in water (70 cm?).
The resulting mixture was then heated at 383-388 K for
6-16 h. Then it was cooled to room temperature. The
resulting precipitate was separated by filtration, washed
with water to remove any trace of unchanged quaternary
ammonium salt and finally chromatographed/ recrys
tallized to produce the target ferrocenyl methyl nucl eobase.

1-Ferrocenylmethylcytosine (260 mg, 65 %) was
obtained, as described above, from (ferrocenylmethyl)tri-
methylammonium iodide (500mg, 1.3 mmol) and
cytosine (220 mg, 2 mmol), heating time was 6 h. The
product was recrystallized from dimethylformamide to
furnish 1-ferrocenylmethylcytosine as yellow leaflets,
m.p. 383-385 K. 'H NMR (400 MHz, CDCl3): & 4.1 (2H,
t, B protons of CsHy); 4.3 (5H, s, CsHs); 4.4 (2H, t, a-pro-
tons of CsHy); 4.7 (2H, s, CHy); 5.7 ng d, H5); 7.0 (2H,
broad s, NH,) and 7.70 (1H, d, H6). *C NMR (400 MHz,
CDCl3): 8 49.3 (1C, CHyFc); 685 (2C, -2C, n°>-CsHa, P
carbons); 69.2 (5C, 1>-CsHs); 69.6 (2C, 1>-CsHa «
carbons); 85.1 (1C, n°-CsHa); 110.2 (1C, -C=C-); 140.5
(1C, -C-N-); 149.7 (1C, CO); 169.3 (1C, -C=N-).

1-Ferrocenylmethylthymine (105 mg, 25%) was
obtained, as described above, from (ferrocenylmethyl)tri-
methylammonium iodide (500mg, 1.3 mmol) and
thymine (252 mg, 2 mmoal), heating time was 16 h. The
product was purified by column chromatography on
alumina eluting with a mixture of 9/1 chloroforny metha-
nol to produce 1-ferrocenylmethylthymine, the product
was recrystallized from dimethylformamide as yellow
leaflets, m.p. 488K with decomposition. 'H NMR
(400 MHz, CDCl3): 6 344 (3H, s, CH3), 423 (2H, t, B
protons of CsHj), 4.29 (5H, s, CsHs), 440 (2H, t, o
protons of CsHy), 4.64 (2H, s, CH:N), 7.67 (1H, s, H6)
and 11.3 (1H, broad s, H3). *C NMR (400 MHz, CDCly):
8 12.6 (1C, CH3); 46.1 (1C, CH2Fc); 68.2 (2C, 1°-CsHa, B
carbons); 68.9 (5C, 1>-CsHs); 69.1 (2C, 1>-CsHa «
carbons); 83.8 (1C, 1°>-CsHa); 109.4 (1C, -C=C-); 141.3
(1C, -C-N-); 150.7 (1C, -CO); 170.4 (1C, -CO). IR (KBr,
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v, cmY): 3259-2840, 2960, 1750, 1700, 1110, 1010, 950,
880, 825, 480.

9N-(ferrocenylmethyl)adenine (240 mg, 55.5 %)
was obtained, as described above, from (ferrocenyl methy)
trimethylammonium iodide (500 mg, 1.3 mmol) and
adenine (270 mg, 2 mmoal), heating time was 6h. The
crude product was chromatographed on neutral alumina
using first chloroform and then 1% methanol/chloroform
as euent to yield, 9N-(ferrocenylmethyl)adenine as
yellow crystals, m.p. 516 K. *H NMR (400 MHz, CDCl5):
0 4.1 (2H, t, B protons of CsHy), 4.3 (5H, s, CsHs), 4.4
(2H, t, a-protons of CsHy), 4.7 (2H, s, CHy), 5.7 (1H, d,
H5), 7.0 (2H, broad s, NHy) and 7.70 (1H, d, H6).
Bc NMR (400 MHz, CDCly): 5 44.8 (1C CHJFc); 68.1
(2C, n>-CsH4, B carbons); 69.8 (5C, n°>-CsHs); 69.6 (2C,
n>-CsHa, o carbons); 84.7 (1C, n>-CsHy); 110.8 (1C, -
C=C-); 1426 (1C, -C=C-); 151.0 (2C, N-C=N-); 169.8
(1C, -C=N-). IR (KBr, v, cm™): 3590-3270, 3130-3090,
1610, 1410, 1110, 1020, 850, 775, 490.

3. Results and Discussion

3.1. Synthesis

Three target FcMeNb were synthesized in two
steps from ferrocene. In the first step the well known
quarternary sat  (ferrocenylmethy)trimethylammonium
iodide was prepared via the aminomethylation reaction of
ferrocene [23], then in the second step the obtained
guaternary salt reacted with cytosine, thymine and adenine
to produce FcMeCy, FcMeTh and FcMeAd, respectively.
Three derivatives were synthesized by the same pro-
cedure, which is heating an agueous mixture of the
quarternary sat  (ferrocenylmethy)trimethylammonium
iodide and the corresponding nucleobase. Cytosine gave a
single product which was identified as FcMeCy. In con-
trast, thymine and adenine produced a mixture of
products, the mgjor products were isolated by column
chromatography and identified as FcMeTh and FcMeAd,
respecttively. The compounds gave analytical data in
accordance with reported methods [4, 6], the molecular
structures of the obtained compounds are presented in Fig. 1.
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Fig. 1. Molecular structures of FcMeCy; FeMeTh and FcMeAd
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3.2. Cyclic Voltammetry
Characterization

Cyclic voltammetry was employed to access
electrochemical characteristics of three synthesised
FcMeNb. Measurements were performed on a PGZ301
potentiostat/galvanostat  (Radiometer Analytical SAS,
France) usng a three-dectrode electrochemical cell of
25 ml containing a glassy carbon (GC) working e ectrode
with a geometric area of 0.013cm”, a platinum wire
counter electrode of surface area 0.05cm?, and an
Hg/Hg.Cl, reference electrode (saturated with KCI). The
potential was swept starting from -0.2 to +1.2V with a
scanning rate of 100 mV/s. All electrochemical experi-
ments were performed in acetonitrile under nitrogen
atmosphere at 298 K. Tetrabutylammonium tetrafluoro-
borate (BusNBF,) was used as supporting e ectrolyte and
its concentration was kept 0.1M. The obtained voltammo-
grams are presented in Fig. 2.
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Fig. 2. Cyclic voltammetry of 10 mM FcMeCy (a),
FcMeTy (b) and FcMeAd (c) on GC dectrodein 0.1M
TBATFB/MeCN at scan rate of 0.1V -s" at 298 K

All voltammogramsin Fig. 2 show a couple of well
distinct, stable and reversible redox peaks in the studied
potential range, the anodic and cathodic peak potentials
are summarised in Table 1. The forma potential of
FcMeCy, FcMeTh and FcMeAd is greater compared to
ferrocene (0.408, 0.447 and 0.482V vs. 0.287 V) under
similar conditions. This shift may be explained by the
electron withdrawal effect of cytosine, thymine and ade-

nine bases introduced to the cyclopentadienyl ring of
ferrocene. The peak to peak separation was, however,
considerably higher than the theoretical value of 0.06 V
for a totally reversible one-electron processes. This could
be due to the uncompensated solution resistance. The
anodic and cathodic peak current ratio of approximately 1
isindicative of reversible dectrochemical process.

The diffusion coefficient of al FcMeNb in
acetonitrile was calculated based on the succession of
cyclic voltammograms of Fig. 3 using the following
Randles-Sevcik equation (1) [24].

ip, = 2.69-10°(Yn ' ScVD v (1)

wherei isthe peak current, A; nisthe number of electrons
transferred during the oxidation; S is the surface area of
the electrode, cm? C is the bulk concentration of the
dectro-active FcMeNb, mol-cm® D is the diffusion
coefficient, cm?s™; and V isthescanrate, Vs™.

The plots of the square root of the scan rates versus
the anodic peak current density (Fig. 4) suggest that the
redox process is diffusion controlled. The values of the
diffusion coefficient were deducted from the slope of the
linear regression of EqQ. (1).

To study the reversible nature of the redox
processes and the electron transfer kinetics, the value of
standard rate constant of the electron transfer reaction of
FcMeNb at the electrode surface were calculated from
Nicholson's equation [25]. This equation is derived based
on correlation between AEp and Ks through a dimen-
sionless parameter v:

Ks
= @
DV
RT

where v is a dimensionless parameter (depending upon
peak separation, AEp), it can be obtained from scientific
literature [26]; V is the scan rate equal to 100V-s%; D is
the diffusion coefficient of the electro-active FcMeNb; F
is the Faraday constant equal to 96500 C:mol™; n is the
number of electrons transferred during the oxidation; R is
the gas constant equal to 8.32Jmol™K™; and T is the

absolute temperature of 298 K. The obtained values of Ks
aresummarized in Table 3.

Tablel
Electrochemical parameter sfor the oxidation of ferrocene and FcMeNb
Compound Ep., V Ep., V iPa, MA iPe, MA AEp, mV Eo, V ipafipc
Fc 0.324 0.251 0.259 -0.240 73 0.287 0.85
FcMCy 0.539 0.276 0.326 -0.343 263 0.408 0.95
FcMTy 0.559 0.336 0.183 -0.180 223 0.447 1.02
FcMAd 0.544 0.420 0.072 -0.060 124 0.482 12
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Fig. 3. Cyclic voltammetric behavior of 10 mM Fc (a);
FcMeTy (c) and FeMeAd (d) on GC electrodein 0.1M TBATFB/MeCN at scan rates

of 0.5,0.4,0.3,0.2,and 0.1 Vs at 298 K. The vertical arrowheed indicates increasing scan rate
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Table 2
Diffusion constants values
Compound Equation R D10, cm’/s
Fc y=13.805x + 126.13 0.990 1.558
FcMeCy y =21.038x + 124.36 0.997 3.619
FcMeTy y=13.752x + 147.75 0.999 3.546
FcMeAd y =11.468x + 10.830 0.998 2.586
Table 3
Kinetic parametersof Fc and FcM eNb as obtained from electr ochemical measurements
Compound [ AEp, mV Ks10%, cmis
Fc 151 73 2.88
FcMCy 0.074 263 0.14
FcMTy 0.100 223 0.19
FcMAd 0.323 124 0.62

The values of Ks correspond to the reversible
nature of the redox processes with slow electron transfer
kinetics. The sequence (Fc > FcMeAd > FcMeTy >
FcMeCy) of the Ks values, indicates that the fast diffusing
Fc with no nucleobase is more favorable for electron
transfer than compounds FcMeAd, FcMeTy and FcMeCy.
The dow electron transfer of FcMeAd, FcMeTy and
FcMeCy may be due to the bulky nucleobase attached to
the ferrocenyl group.

3.3. Electronic Spectroscopy
Characterization

Electronic spectra measurements were conducted
on a UV-Vis spectrometer, (Shimadzu 1800, Japan). The
spectroscopic response of 10 mM of each FcMeNb in
acetonitrile was recorded at 298 K. Typica absorption

bands of aromatic ring were observed at 325 and 436 nm
for FcMeCy and at 317 and 435 nm for FcMeTy.
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Fig. 5. UV-visible absorption spectra of 10 mM FcMeCy (a),
FcMeTy (b) and FcMeAd (c) in acetonitrile at 298 K

Two first bands at 325 and 317 nm correspond to
n—z* electronic transitions involving the conjugated
system (aromatic ring) while the second two bands are
attributed to the z—=z* eectronic trandtions. FcMeAd
bears only one typical absorption band at 433 nm which
corresponds to z—nz* electronic transitions, Fig. 5.

3.4. DFT Calculations

The molecular structure of ferrocene and FcMeNDb
was optimized at the level of density functional theory
(DFT) with DFT/B3LYP method combined with 6-
311++G(d,p) basis set in acetonitrile. The molecule was
built and optimized using Gaussian 09 program package
[27]. The optimised structures of all studied FcMeNb are
shown in Fig. 6, and the corresponding calculated bond
lengths are tabulated in Table 5.

Fig. 7 shows a schematic representation of the
energies of molecular orbitals and contours of lowest
unoccupied molecular orbitals (LUMOs) and highest
occupied molecular orbital (HOMOs) of the three studied
FcMeNb. The HOMO to LUMO energy gap in FcMeCy,
FcMeTh and FcMeAd is equal to -4.864, -4.420 and
-4.240 eV, respectively. Here it is observed that both the
LUMOs and HOMOs are composed of both the ferrocene
moiety and the nucleobase orbitals.

Other parameters including separation energies AE,
absolute hardness #, absolute electronegativities, y,
chemical potentials Pi, absolute softness o, global softness
S globa eectrophilicity Q, and additional €eectronic
charge ANns, have been calculated according to the
following equations[28]:

AE = ELUMO - EHUMO (3)
AE
== 4
5 @)
-E -E
x = HUM02 LUMO (5)
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Fig. 6. ORTEP representation of FcMeCy, FcMeTy and FcM eAd. Displacement ellipsoids
are drawn at the 30% probability level and H atoms are shown as small spheres of arbitrary radii
Table5
List of experimental and calculated bond length values
FcMeCy FcMeTh FcMeAd
FcMeCy FcMeTh FcMeAd

Bond RX Ca. | GAP Bond RX Ca. | GAP Atoms A-B RX Ca. | GAP
FeCl 2.026 | 2.079 | 0.053 FeCl 2.036 | 2.079 | 0.043 FeCl 2.041 | 2.078 | 0.037
Fe-C2 2.028 | 2078 | 0.05 Fe-C2 2.036 | 2077 | 0.041 Fe-C2 2.043 | 2.077 | 0.034
Fe-C3 2.028 | 2.076 | 0.048 Fe-C3 2.045 | 2076 | 0.031 Fe-C3 2.039 | 2.077 | 0.038
Fe-C4 2.027 | 2077 | 0.05 Fe-C4 2.047 | 2077 | 0.03 Fe-C4 2.038 | 2078 | 0.04
Fe-C5 2.023 | 2.078 | 0.055 Fe-C5 2.035 | 2.078 | 0.043 Fe-C5 2.034 | 2.078 | 0.044
Fe-C6 2041 | 2071 | 0.03 Fe-C6 2031 | 2071 | 0.04 Fe-C6 2031 | 2072 | 0.041
Fe-C7 2.046 | 2.075 | 0.029 Fe-C7 2.045 | 2.078 | 0.033 Fe-C7 2.034 | 2.078 | 0.044
Fe-C8 2.034 | 2079 | 0.045 Fe-C8 2.047 | 2.080 | 0.033 Fe-C8 2.042 | 2.079 | 0.037
Fe-C9 2.021 | 2075 | 0.054 Fe-C9 2.038 | 2.073 | 0.035 Fe-C9 2.041 | 2.074 | 0.033
FeC10 | 2023 | 2.070 | 0.047 FeC10 | 2.026 | 2.067 | 0.041 Fe-C10 2.031 | 2.068 | 0.037
C1-C2 139 | 1426 | 0.03 C1-C2 1414 | 1426 | 0.012 C1-C2 1402 | 1426 | 0.024
C1-C5 1400 | 1427 | 0.027 C1-C5 1413 | 1427 | 0.014 C1-C5 1408 | 1427 | 0.019
C2-C3 1386 | 1426 | 0.04 C2-C3 1415 | 1426 | 0.011 C2-C3 1416 | 1425 | 0.009
C3-C4 1392 | 1426 | 0.034 C3-C4 1418 | 1.425 | 0.007 C3-C4 1408 | 1425 | 0.017
C4-C5 1403 | 1.426 | 0.023 C4-C5 1409 | 1426 | 0.017 C4-C5 1417 | 1426 | 0.009
C6-C7 1415 | 1425 | 0.01 C6-C7 1427 | 1425 | 0.002 C6-C7 1413 | 1424 | 0.011
C6-C10 | 1419 | 1433 | 0.014 C6-C10 | 1422 | 1432 | 0.01 C6-C10 1430 | 1431 | 0.001
C7-C8 1410 | 1.426 | 0.016 C7-C8 1413 | 1.426 | 0.013 C7-C8 1420 | 1426 | 0.006
C8-C9 1422 | 1424 | 0.002 C8-C9 1423 | 1424 | 0.001 C8-C9 1409 | 1424 | 0.015
C9-C10 | 1.428 | 1430 | 0.002 C9-C10 | 1426 | 1.431 | 0.005 C9-C10 1433 | 1430 | 0.003
C10-C11 | 1497 | 1502 | 0.005 C10-C11 | 1.491 | 1502 | 0.011 Cl10-C11 1497 | 1502 | 0.005
C11-N1 | 1471 | 1479 | 0.008 C11-N1 | 1485 | 1.480 | 0.005 C11-N1 1470 | 1469 | 0.001
C12-N1 | 1.363 | 1.353 | 0.01 C12-N1 | 1.369 | 1.391 | 0.022 N1-C12 1358 | 1.380 | 0.022
C12-C13 | 1.341 | 1.358 | 0.017 Cl12-N2 | 1.373 | 1.384 | 0.011 C12-N2 1314 | 1.311 | 0.003
C13-C14 | 1423 | 1433 | 0.01 Cl12-01 | 1.229 | 1.218 | 0.011 N2-C13 1395 | 1.382 | 0.013
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Fig. 7. Representations of HOMO and LUMO for FcMeCy,
FcMeTy and FeM eAd determined at B3LY P/6-311++G(d,p) level of theory

Table4
The calculated quantum chemical parameter sfor the investigated FcM eNb and ferr ocene
Entry ELuvo Enumo AE, &V | n,eV | g ev Pi,evV | oev? | Sev? es\z/ AN {ax
Fc -0.697 -5.632 4.935 247 3.1645 -3.16 041 0.20 2.03 1.28
FcMCy -1.305 -5.725 4.864 243 3.32 -3.32 041 0.21 2.27 137
FcMTy -1.520 -5.760 4.420 221 351 -3.51 0.45 0.23 2.80 159
FcMAd -1.173 -5.757 4.240 212 3.64 -3.64 0.47 0.24 3.12 172
Pi=—y (6) measurements. The oxidation peak potentials are in the
1 following order: FCcMTy > FcMAd > FcMCy, Table 1.
o =— (") This observation was found to be in a good agreement
i with the electrochemical band gaps supported from the
S— 1 (8) DFT study by comparing the Eyomo values, Table 4. The
2n EnomoLumo energy gaps were corrdated with Epe—Epe
P2 potential gap obtained from the difference between the
Q= Z (®  oxidation and reduction peak potential of each compounds
_ (R? = 0.574), Fig. 8. The small value of R? could be due to
AN oy = —P (10)  thelow number of studied samples.
n From the DFT calculations it is reveadled that

The Enomo values calculated theoretically from
DFT were compared with the oxidation peak potentials
obtained experimentally from the cyclic voltammetry

FcMeCy, FcMeTh and FeMeAd bond lengths are similar
to each other and match well with the experimental values
obtained from X-ray crystallographic data [6, 7].
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Fig. 8. Linear correlation graph between E,.—E,
potential band gap and Enomo-ELumo band gap

4. Conclusions

Three ferrocenylmethylnucleobases were synthe-
sised and structurally characterised by cyclic voltammetry
and spectroscopic techniques and have been optimised
through DFT calculations in acetonitrile. Redox studies of
the compounds in acetonitrile reveal one reversible
Fe(I1)/Fe(111) oxidetive couple. The standard rate constants
were determined by the application of Nicholson equation,
the lower Ks values of the FcMeNb complexes as com-
pared to ferrocene indicated dower eectron transfer kine-
tics. Moreover, the energy of frontier molecular orbitals
Eromo and E ymo of studied compounds was determined
using DFT/B3LY P method combined with 6-311++G(d,p)
basis set in acetonitrile. The theoretically calculated Exomo-
ELumo energies band gap correlates with the potential Ep—
Exc band gap determinate from cyclic voltammetry
measurements, having a corrdation coefficient of 0.574.
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®EPPOIEHIIMETUJIHYKJIETHOBI OCHOBHM:
CHUHTE3, PO3PAXYHOK AI1I®, EJJEKTPOXIMIYHA
TA CHEKTPOCKOIITYHA XAPAKTEPUCTUKA

Anomayin. Cunmesogani mpu  ¢heppoyeninmemuinyx-
neinosi ocrosu (FCMeND). 3a donomozoro memooie yurniunoi
gonbmamnepomempii, abcopoyitiHoi eneKmpoHHOI CHeKMPOCKONIi,
@Qyp' e-cnekmpockonii ma AAMP-cnexmpockonii oxapakmepu308aHo
cunmeszosani cnonyku. Enepeito  npukopOOHHUX ~MONEKYIAPHUX
opoimaneti eusnaueno 3a memooom DFTIB3LYP y noeonanni 3
bazosum nabopom 6-311++G(d, p) 6 ayemonimpuni. Bcmaroenero,
wo Hudicui cmandapmui konemanmu wisuoxkocmeti cnonyk FcMeNb
nopieHsAHO 3 (heppoyenom eKazyioms Ha OLbUL NOGLIbHY KiHEMUKY
nepeHoCy eneKmpoHis.

Knrouoei cnosa. myxneinosi ocnosu, ¢hepoyen, yukiiuna
sonvmamnepomempis, ¥ -cnexkmpockonis, J[11PD.



